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Amorphous  Y2O3–Al2O3–SiO2 beads  were  directly  melted  by a  Nd:YAG  laser.  The  structural  features  in
multi-scale  of  the  samples  after  solidiﬁcation  were  investigated.  The  results  showed  that  the  cooling
speed  in the applied  processing  conditions  was  not  high  enough  to retain  the  amorphous  nature  ofvailable online 23 October 2014
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ceramic  beads  into  the  consolidated  bulks.  In  addition  to  an  amorphous  phase  two  crystalline  phases,
YAG  and  -Al2O3, were  formed  yielding  the  formation  of complex  structural  hierarchies.
©  2014 The  Ceramic  Society  of  Japan  and  the Korean  Ceramic  Society.  Production  and  hosting  by
Elsevier  B.V.  All  rights  reserved.lasses
. Introduction
Glasses in Y2O3–Al2O3–SiO2 system, abbreviated as YAS in the
ext below, have been widely studied for their application potential
oth as structural and as functional materials [1,2]. High concen-
rations of rare-earth dopants [3–5], e.g.  Er3+, Eu2+, and Ce3+, can be
chieved in YAS glasses by replacing Y3+ with them, which makes
his family of glasses promising host materials for the optical appli-
ations. Transparent glasses with high Al but low Si content are
esirable for LED application as high concentration of rare-earth
opants enhances luminescent emission.
Generally, it is possible to prepare YAS glasses by the con-
entional melt-casting method [6,7], sol–gel method [8] or
igh-gravity combustion synthesis [9]. Recently, a new method
alled ﬂame spraying was reported to prepare YAS glass beads
10,11]. This method involves two steps: melting oxide powder
ixtures by C2H2/O2 ﬂame and quenching the melt droplets in
ater. When high enough cooling speed is achieved by optimizing
he beads size and the quenching speed, fully amorphous beads can
e prepared.
Laser melting, sometimes also called Laser sintering, is a method
eveloped during last decade for possible preparation of hard-
o-make glasses. It uses a laser beam with high energy density
o melt ceramic powders at the focusing point by irradiation. In∗ Corresponding author. Tel.: +86 10 62788237.
E-mail addresses: shenzhijian@tsinghua.edu.cn, shen@mmk.su.se (Z. Shen).
Peer review under responsibility of The Ceramic Society of Japan and the Korean
eramic Society.
187-0764 © 2014 The Ceramic Society of Japan and the Korean Ceramic Society. Produc
ttp://dx.doi.org/10.1016/j.jascer.2014.10.001combination with scanning and a powder feeding setup based on
CAD/CAM, laser melting makes it even possible to build three-
dimensional (3D) parts in one single processing step. Amorphous
state of the melt may  be retained by rapid cooling speed achievable
in this laser sintering process. Many successful stories can be found
in the literature. For example, Katakam et al. [12] made amorphous
coating on AISI 4130 steel substrate with amorphous alloy powder,
Fe48Cr15Mo14Y2C15B6, and Goodridge et al. [13] prepared glasses
based on apatite and mullite that are hard to keep amorphous by
conventional processing method.
In the present work, amorphous YAS beads were consolidated
by laser melting. This study posits: will it be possible to retain the
amorphous state during the applied laser melting conditions? and if
not, what will be the structural features of the materials after laser
melting? The obtained results may  set a base for further explo-
ration of the potential of laser melting in preparing 3D parts using
amorphous YAS beads.
2. Experiment
Amorphous ceramic beads with an overall chemical composi-
tion of 65.3 mol% Al2O3, 19.7 mol% Y2O3, 15 mol% SiO2 were used as
raw materials. The Al2O3 and Y2O3 ratio was  set to reach the eutec-
tic point of the garnet phase Y3Al5O12 (YAG) and the corundum
phase Al2O3. The morphology and X-ray diffraction pattern of the
amorphous beads are shown in Fig. 1. The beads were prepared by
a ﬂame spraying method, described in detail in an early work [10].
The as-received ceramic beads are mostly spherical with adhesion
of satellite small particle on the surface. Before laser melting, the
beads were pressed into cylindrical tablets of 12 mm in diameter
tion and hosting by Elsevier B.V. All rights reserved.
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as-received amorphous ceramic beads were compacted andFig. 1. The XRD pattern (a) and SEM image (b) of the raw powders.
nder a uniaxial pressure of 3 MPa  for 3 min  without adding any
inder. As the tablets appeared very brittle, a graphite crucible was
sed to hold them during the laser melting process.
The laser melting was performed in a laser additive manufac-
uring facility (AM 250, Renishaw plc, New Mills, UK) equipped
ith a discontinuous Nd:YAG laser of 200 W in argon atmosphere.
 focused laser beam of 75 m in diameter scanned over the surface
f the tablets following a pre-set Zig-zag scanning pattern, and left
ehind the melting pools on the scanned path. The chamber pres-
ure was kept slightly above 1 bar during the experiment, with the
xygen content threshold of 5000 ppm. Four processing parame-
ers were adjusted, which were the laser power (abbreviated as lp
or short), the exposure time (et), point distance (pd) and hatch
istance (hd).
The consolidated samples after laser melting were grinded by
brasive papers in wet condition followed by mechanical polish-
ng. A layer of carbon or Au was deposited on the polished surfaces
o improve the surface electrical conductivity required for char-
cterization of microstructure by scanning electron microscope
SEM). SEM work was performed in a ﬁeld emission scanning elec-
ron microscope (MRIA3; Tescan, Brno, Czech Republic) with HV
t 10 kV, equipped with an Energy-dispersive X-ray spectroscopy
EDS) detector (Oxford Instruments, Oxford, UK). The consolidated
amples were also pulverized by grinding in an agate mortar for
hase analysis by X-ray diffraction (XRD). The XRD analysis was
xecuted at 40 kV and 200 mA  by the Automated D/Max B (Rigaku,
okyo, Japan). The differential scanning calorimetry (DSC) experi-
ent was performed between room temperature (RT) and 1873 K
Fig. 2. The XRD pattern of laser sintered sample (a) and the SEM image (b) Fig. 3. The DSC curve of the raw powder beads.
in air atmosphere with a DSC analyzer TGA/DSC 1 STAR System
(METTLER TOLEDO, Uster, Switzerland). The transmission electron
microscope (TEM) experiments were performed by TECNAI G20
(FEI, Hillsboro, USA) with acceleration voltage of 200 kV.
3. Results and discussion
3.1. Phase constitutions of the samples consolidated by laser
melting
Fig. 2(a) shows the XRD pattern of the sample consolidated by
laser melting. The observed sharp peaks, indexed as crystalline
YAG and -Al2O3, indicate that the amorphous state of the ceramic
beads is not completely retained after laser melting. The SEM image
taken on the surface of the consolidated sample, as shown in Fig. 2b,
reveals that the primary dendrite nucleates on the surface and
grows deep inside the bulk, resulting in the ﬂower-like crystal pat-
terns on the surface.
The DSC pattern of the as-received amorphous ceramic beads is
shown in Fig. 3, from which it can be determined that 790 ◦C is the
glass-transition temperature and 957 ◦C and 1010 ◦C are two crys-
tallization temperatures, respectively. It indicates that any holding
at temperature above 790 ◦C may  yield the crystallization of the
early-formed glass.
To elucidate the crystallization potential of this glass, thepressure-less sintered at 1000 ◦C for 10 min  and at 1600 ◦C for
2 h, respectively. These two temperatures were chosen as 1000 ◦C
which is just above the lowest crystallization temperature of the
of ﬂower-like crystals formed on the surface of laser sintered sample.
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lass, and 1600 ◦C which is higher than the eutectic temperature
f the YAS system. It is speculated that the as-received amor-
hous ceramic beads may  undergo re-crystallization by sintering at
000 ◦C, and melting and re-solidiﬁcation by sintering at 1600 ◦C,
espectively.
Fig. 4 shows the XRD patterns of the two  sintered samples.
t appears that after melting and re-solidiﬁcation by sintering at
600 ◦C, two major equilibrium phases, garnet and corundum, are
ormed, whereas after solid state sintering at 1000 ◦C, the crys-
alline phases formed by crystallization of the glass phase are garnet
nd a silica-rich apatite, Y4.76(SiO4)3O, which is metastable. This
ig. 5. The microstructure features of a laser sintered sample. (a) SEM image of the cross
he  inner sintered layer with more pores (II), and the partly melted layers (III); (b) a res
one  III.600 ◦C for 2 h (a) and at 1000 ◦C for 10 min (b).
observation is in agreement with the established phase diagram
of the Y2O3–Al2O3–SiO2 system [13]. Once a Y–Si–Al–O glass is
formed, the crystallization of the glass in solid state can hardly yield
the formation of pure alumina-based phase as a corundum phase.
3.2. Microstructural features of the samples consolidated by laser
meltingFig. 5(a) shows an SEM image taken on the polished cross section
of a consolidated sample by laser melting. It reveals the complex
structural hierarchies formed. The structural hierarchies consist of
 section where three layers can be identiﬁed: a relative dense top surface layer (I),
idual glass island observed by optical microscopy; (c) SEM image of the ampliﬁed
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Fig. 7. SEM image taken in backscattered electron model revealing the eutec-
space between the dendrites. Dendrites structure often appears
when a high solidiﬁcation rate is applied [16].
From thermodynamic point of view, the driving force for solidi-
ﬁcation of YAG is larger than that of Al2O3 according to Table 2 [17],
Table 1
The mole fraction of elements determined by EDS in ﬁve positions marked in Fig. 7.
Al Y Si O Phase
Point 1 0.26 0.18 0.01 0.55 YAGig. 6. A schematic illustration of the temperature distribution at the laser focusing
oint. The section is vertical to the build direction. Melt pool is surrounded by a heat
ffecting zone (HAZ) in which the powders are not melted but annealed.
hree Zones. Zone I is a comparatively dense surface layer. Zone II is
 partially consolidated inner layer containing more residual pores,
n which locally un-melted glass segments are still visible in optical
icroscope image, see Fig. 5b. Zone III is an underlayer of porous
atrix, in which the original spherical geometry of the amorphous
eramic beads remains, and small faceted crystals are found to form
n the surface of the beads under SEM, see Fig. 5c. These observed
icrostructural features may  be understood by the crystallization
nd solidiﬁcation.
Fig. 6 shows a drawing illustrating the temperature gradient
tates surrounding the melt pool formed at the laser focusing point.
uring the laser melting process, the laser beam generates a hemi-
phere melt pool at its focusing point in scale of several tens of
icrometers, in which the peak temperature is above the melting
oint of the material or even reaches a temperature up to 3000 ◦C in
ertain system [14]. When the laser beam scans away, the tempera-
ure of the melt pool drops quickly by transferring the accumulated
eat to the surrounding material and yields a rapid solidiﬁcation of
he ceramic melt inside the melt pool. The powder beads surround-
ng the melt pool are not immediately melted, but are annealed by
he releasing heat from the melt pool.
The surface of the melt pool always cools down faster than the
nterior part as it exposes to the ﬂowing Ar atmosphere. The sur-
ace thus becomes the nucleation sites of the crystals during the
olidiﬁcation of ceramic melt. The quick solidiﬁcation of the sur-
ace layer may  also seal the diffusion path of the gases, yielding the
ncapsulation of pores in Zone II.
Underneath the melt pool, in a heat-affecting zone (Zone III), as
llustrated in Fig. 5(a), the ceramic beads are heated by the releas-
ng heat from the melt pool. Though the temperature there does not
each the melting point of the material, it may  be sufﬁciently high
nough to trigger the crystallization of the glass beads, as revealed
y SEM image shown in Fig. 6(c). It should be noted that the crys-
alline phases formed during the crystallization of glass beads are
ifferent from that formed during the direct solidiﬁcation of the
eramic melt. Under the processing conditions applied in this study
t is hard to keep the amorphous state in the consolidated samples
y laser melting.
Amorphous bulk part may  be obtained when a more rapid local
ooling condition could be achieved. Technically, such conditiontic structure formed in a sample consolidated by laser melting (200 W,  450 s
pd  = 50 m hd = 150 m). The numbers indicate the points where the EDS spectra
were recorded.
may  be satisﬁed by increasing the laser power density, reducing
the laser focusing spot size, or increasing the laser scanning speed.
Fig. 7 shows the microstructural details of Zone I. Three phases,
white, black and gray contrast, are distinguished in the backscat-
tered SEM image. The EDS performed in combination with the XRD
analysis veriﬁes that (i) the dendritic white phase is YAG, as it con-
sists of Y, Al and O, with the ratio of three elements in consistence
with the YAG. It also should be noted that some Si solute in YAG by
about 1.1 mol% [15], (ii) the black phase is alumina, as it consists of
only Al and O, and (iii) the gray areas with varied chemical compo-
sitions are rich in silicon. From SEM image it is hard to conﬁrm if
these are glassy phases (Table 1).
TEM characterization was then performed to verify if the gray
areas are glassy phases. As shown in Fig. 8, the element content of
the area marked as gray phase determined by EDS is O:  42.8 mol%,
Al: 8.6 mol%, Si: 12.6 mol%, Y: 35.1 mol%. This fact together with the
evidence that electron diffraction performed made in this area did
give only a diffuse ring conﬁrms that the gray area is in amorphous
state.
3.3. Kinetic aspects of solidiﬁcation and crystallization
In consolidated sample by laser melting, the primary dendrite
YAG phase forms a skeleton and the other eutectic phases ﬁll thePoint 2 0.42 – – 0.58 Al2O3
Point 3 0.12 0.11 0.16 0.60 Glass
Point 4 0.16 0.12 0.11 0.61 Glass
Point 5 0.12 0.11 0.16 0.61 Glass
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Table  2
List of the thermal parameters of YAG and alumina [17].
Compound Density  (g/cm3) Melting point Tf (K) Entropy of fusion ıSf (J/mol K) Sf/Ra Thermal expansion  ˛ (×106 K−1)
Al2O3 3.987 2327 47.72 5.74 8.2
YAG 4.554 2210 122.38 
a R = 8.3144 J/mol K.
Fig. 8. TEM image of a YAG grain and adjacent gray area which was  conﬁrmed by
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Ceram. Soc., 91, 406–413 (2008).DS analysis (a) and the corresponding electron diffraction pattern taken on the gray
rea that conﬁrms its amorphous nature (b).
o YAG (Tm = 2210 K) solidiﬁes before Al2O3 even though the melt-
ng point of Al2O3 (Tm = 2327 K) is higher. The nucleation energy
an be calculated by Eq. (1) as expressed by the classical solidiﬁca-
ion theory, where L is the heat of fusion per unit volume and SvAB
resents the interface energy. The melting enthalpy of YAG is 2.43
imes that of Al2O3, so the driven force for solidiﬁcation of YAG is
arger.
G = LT
TE − SvAB
(1)
The formation of the facetted interface between the crystalline
hases can be explained by solidiﬁcation theory. A thermodynamic
arameter  ˛ deﬁned as  ˛ = (Sm/R) was developed to judge eutec-
ic structure in which Sm is the melting entropy, R is the ideal gas
onstant and  is a geometrical factor close to but less than 1. When
he fusion entropy Sm > 4R (  ˛ > 2), the solid–liquid interface is at
table state only if the surface is free or completely occupied by
he atoms. In this way, the smooth interface and faceted bound-
ry will form. The melting entropy of aluminum is 47.72 J/mol K
hat is much higher than the criterion of 23 J/mol K, so the faceted
oundary is common among Al2O3 grains.
[
[14.72 8.9
4. Conclusion
Consolidated samples were prepared by laser melting of
amorphous YAS ceramic beads by a Nd:YAG laser. Despite the
comparatively high local cooling rate being achieved, under the
processing condition applied in this study, it is hard to get full
amorphous bulks. Instead, complex structural hierarchies were
formed that comprises crystalline YAG and corundum surrounded
by glassy phases with slightly varied chemical composition. The
amorphous ceramic beads begin to crystallize before melting when
being heated and form necks in a heat-affecting zone immediately
surrounding the melt pool.
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